Echo-planar imaging with gradient echo allows whole-brain images to be rapidly acquired. However, its main limitation is that magnetic field inhomogeneities in regions of the brain close to bone and air-filled sinuses result in reduced signal-to-noise ratio and signal loss. In particular this is a problem for imaging the temporal lobes, and can therefore affect the results of some language-related studies. Decreasing the echo time (TE) increases the signal-to-noise ratio and reduces the amount of signal loss in susceptible regions. In this study we investigate the TE dependence of BOLD (blood oxygenation level-dependent) contrast and, in particular, how it is influenced in regions with susceptibility artifacts. We use a dual echo-time sequence to compare brain activations measured with two different TEs, TE ‫؍‬ 40 ms and TE ‫؍‬ 27 ms. The paradigm involves comparing famous faces to scrambled faces, a low-level control condition. It was chosen because famous faces have been repeatedly shown to activate the fusiform gyri and anterior temporal lobes in both PET and fMRI. Our results show that it is possible to detect robust activations at a lower TE in brain regions not affected by susceptibility artifacts (i.e., fusiform gyri), allowing for faster scanning times. However, although the amount of signal loss is reduced at the lower TE, this does not appear to be sufficient to recover the BOLD signal in regions affected by susceptibility artifacts (i.e., anterior temporal lobes).
INTRODUCTION
Functional magnetic resonance imaging studies most commonly use echo-planar imaging (EPI) with gradient echo to rapidly acquire measurements of the human brain. This scanning technique measures changes in T2* that provide BOLD (blood oxygenation level-dependent) contrast, an indication of brain activation (Kwong et al., 1992; Ogawa et al., 1992) . However, T2* includes macroscopic magnetic field gradient effects in addition to the microscopic gradient effects that provide BOLD contrast. This means that T2* is spatially dependent, and in regions where the magnetic susceptibility of neighboring tissues is very different (i.e., close to bone and air-filled sinuses), T2* is reduced, resulting in a decreased signal-to-noise ratio (Kruger et al., 2001) . Where this effect is most extreme, signal is lost altogether (Schmitt et al., 1998) . Imaging anterior temporal and orbitofrontal regions with EPI is therefore problematic because of susceptibility-induced signal loss in these areas (Ojemann et al., 1997; Devlin et al., 2000) . This is a particular issue for languagerelated studies that predict an involvement of the anterior temporal lobe areas close to the sinuses.
Susceptibility artifacts can be reduced by decreasing TE (Jesmanowicz et al., 1999) . This increases the overall signal-to-noise ratio and allows for more rapid scanning (Schmitt et al., 1998) . The relationship between TE and BOLD contrast has been described in several studies. These show that for maximum sensitivity of BOLD, the TE should be approximately equal to the T2* of gray matter at a particular field strength (Menon et al., 1993; Bandettini et al., 1994; Gati et al., 1997; Kruger et al., 2001) . In the absence of macroscopic susceptibility gradients, the T2* of gray matter is approximately 60 ms at a field strength of 2 T. In regions affected by macroscopic susceptibility gradients, the T2* is reduced and can fall to below 30 ms. To maximize the sensitivity of BOLD in affected regions the TE should be reduced accordingly. However it should be noted that the BOLD contrast in these regions is nevertheless lower than the BOLD contrast in unaffected regions.
A TE of 40 ms provides a robust compromise between BOLD sensitivity and susceptibility artifacts at a field strength of 2 T. An even shorter TE will further compensate for macroscopic susceptibility effects and provide better images. Although the BOLD contrast will be reduced at shorter TEs, it can still be detected (Jesmanowicz et al., 1998) . In this fMRI study at 2 T, we wished to determine whether a moderate reduction in TE, improving the signal-to-noise ratio, could re-trieve the BOLD effect in brain regions affected by susceptibility artifacts.
We used a dual echo-time sequence to compare brain activations measured with two TEs (40 and 27 ms). The higher signal-to-noise ratio of the shorter TE (27 ms) compared with the longer TE (40 ms) means that some types of physiological noise in the TE ϭ 27 ms images may also be higher (Kruger et al., 2001) . Although we did not explicitly model physiological fluctuations, we verified that the error variance in the two TEs is not substantially different. We chose a paradigm involving famous faces (FF) versus a low-level control condition of scrambled faces (SF), because famous faces have been repeatedly shown to activate the fusiform gyri and anterior temporal lobes in both PET (Sergent et al., 1992; Damasio et al., 1996; GornoTempini et al., 1998 GornoTempini et al., , 2000 and fMRI (Leveroni et al., 2000; Henson et al., 2000) . Using this paradigm we could compare the influence of different TEs in regions affected (e.g., anterior temporal lobe) and unaffected (e.g., fusiform gyrus) by susceptibility artifacts. We used standard fMRI analysis methods that have been shown to be effective in group studies when activations are small and variable.
METHODS

Subjects
Four male and six female subjects (age range, 24 -38; mean age, 30) took part in the experiment. They were all right-handed, native English speakers, healthy, on no medication, and free from any history of neurological or psychiatric illness. The study was approved by the local hospital ethics committee.
Stimuli and Experimental Procedure
Pairs of pictorial stimuli were projected simultaneously onto a screen in the MRI scanner, and subjects had to decide whether they were the same or different. While the task was kept constant, the stimuli could be famous faces (FF), famous buildings (FB) or their respective controls, scrambled faces (SF), and scrambled buildings (SB). For details on the selection and preparation of the stimuli, see Gorno-Tempini et al. (1998) . Each pair was presented for 5 s at a rate of one every 6.4 s. The response was a key press: right button for same and left button for different pairs. The four experimental conditions were presented in blocks, each with a duration of 19.2 s, so that three stimulus pairs occurred in each block. Experimental conditions were interleaved with the controls, and blocks of building and face stimuli were alternated. Each subject underwent a single scanning session consisting of 40 blocks, 10 per condition. The order of presentation was counterbalanced between subjects.
fMRI Scanning Parameters and Technique
EPI images were acquired on a Siemens Vision 2T scanner. Two volumes with TE ϭ 27 and 40 ms were acquired alternately every 2.4 s (1.2 s per TE). The TEs used for this experiment were chosen according to BOLD theory (Menon et al., 1993; Bandettini et al., 1994; Gati et al., 1997; Kruger et al., 2001) . The TE of 40 ms provides a robust compromise between BOLD sensitivity and signal dropout. The shorter TE of 27 ms further compensates for susceptibility artifacts, at the expense of BOLD sensitivity (which is around 80% of the maximum BOLD sensitivity at a field strength of 2 T).
The image matrix size was 64 ϫ 64. Sixteen slices were acquired, with a slice thickness of 1.8 mm with a 1.2-mm gap, and the FOV was 192 ϫ 192 mm. The order of the TEs was alternated between blocks of stimuli such that a total of 340 scans per TE were acquired, including dummy scans at the start of each session to allow for T1 equilibrium. The EPI images were reconstructed using a novel trajectory-based method that substantially decreases Nyquist ghost artifact . Anatomical images with in-plane resolution of 1 ϫ 1 mm and slice thickness of 1 mm were acquired using an MP-RAGE sequence optimized for gray and white matter contrast .
Data Analysis
Data from the two TEs were analyzed separately for a total of 20 sessions (2 sessions for each of 10 subjects) using SPM99 (http://www.fil.ion.ucl.ac.uk/spm). Images were realigned to the first volume of the session and spatially normalized to the Montreal Neurological Institute brain (Evans et al., 1994) in the space of Talairach and Tournoux (1988) . Images were then spatially smoothed with an 8-mm full width at half maximum isotropic Gaussian kernel to allow application of random field theory for thresholding statistical results and permitting corrected inference (Friston et al., 1995) . Finally, high-and low-frequency confounds were removed with temporal bandpass filtering.
Stimulus and TE effects were estimated according to the general linear model at each voxel. To test hypotheses about regionally specific condition effects, these estimates were compared using linear compounds or contrasts. The resulting set of voxel values for each contrast is an SPM of the t statistic. FF have been repeatedly shown to activate fusiform gyri and anterolateral and temporal pole regions in both PET (Sergent et al., 1992; Damasio et al., 1996; Gorno-Tempini et al., 1998 and fMRI (Leveroni et al., 2000; Henson et al., 2000) . The fusiform gyri are in a region of the brain free from susceptibility artifacts, whereas anterolateral and temporal regions are affected by susceptibility artifacts. Therefore, by considering only the FF-ver-sus-SF effect it was possible to compare activations in affected and unaffected regions. The effectiveness of the current paradigm in activating the regions of interest has been demonstrated in PET by Gorno-Tempini et al. (1998) .
Second-level random effects analyses (Holmes and Friston, 1998) were used to determine common and differential responses to FF versus SF at the two TEs. Three different analyses were performed. A conjunction analysis was applied to detect regions where the response was significantly greater than zero in both TEs together. This analysis jointly tests multiple hypotheses where each hypothesis is specified by a contrast. The result can be thought of as a logical "AND" operation between the activations for each contrast. In this case, the conjunction analysis enables the inference that there was activation for TE ϭ 27 ms "AND" TE ϭ 40 ms. A paired t test was applied to investigate whether any brain areas showed a significantly different response between the two TEs and a one-sample t test was applied to TE ϭ 27 ms and TE ϭ 40 ms data separately, to explore the significance of the response for each TE. It was possible that the error variances for the two TEs were not identical. This form of nonsphericity was discounted using a restricted maximum likelihood ("ReML") estimation of the variance components (Friston et al., 2001) , which confirmed that the observation errors for the two TEs were not substantially different. (The ratio of the standard observation errors was approximately 1.3.)
The threshold for statistical analyses was either P Ͻ 0.05 (corrected for multiple comparisons) or P Ͻ 0.001 (uncorrected) in regions of interest (ROIs). ROIs were defined in the fusiform gyri and anterior temporal regions according to previous PET data of FF versus SF in 10 subjects (Gorno-Tempini et al., 1998) . The ROIs that reached significance at P Ͻ 0.001 (uncorrected) in the PET study are shown in Fig. 1A . Analysis of the PET images also involved realignment and normalization in SPM99 but the smoothing kernel was 16 mm rather than the 8 mm used for the fMRI data. The PET data are included only to provide ROIs. No formal comparison between PET and fMRI is made.
T2* Map
A map of T2* values was calculated from a single image pair with TE ϭ 27 ms and TE ϭ 40 ms. This provided an indication of the spatial dependence of T2*, allowing a comparison of the T2* values in regions affected and not affected by susceptibility artifacts. Given images acquired with two different echo times, TE1 and TE2 (TE1 Ͻ TE2), the image intensities, I 1 and I 2 for each echo time respectively, are given by
I 2 ϰ I 0 ⅐ exp(ϪTE2/T2*), where I 0 is the fully relaxed signal at TE ϭ 0. It is therefore possible to estimate T2* using
RESULTS
First we report the effect of FF versus SF in our ROIs (fusiform gyrus and anterior temporal areas) where the threshold was set at P Ͻ 0.001 (uncorrected). Second 
FIG. 2. Top row: fMRI results
showing effect of FF versus SF in 10 subjects for TE ϭ 40 ms. Activations are thresholded at P Ͻ 0.01 (uncorrected) and overlaid on axial slices of the mean of all subjects' normalized mean images for TE ϭ 40 ms. Second row: fMRI results showing effect of FF versus SF in 10 subjects for TE ϭ 27 ms. Activations are thresholded at P Ͻ 0.01 (uncorrected) and overlaid on axial slices of the mean of all subjects' normalized mean images for TE ϭ 27 ms. Third row: Results of fMRI conjunction analysis showing brain regions where the effect of FF versus SF was significantly greater than zero in both TEs. Activations are thresholded at P Ͻ 0.001 (uncorrected) and overlaid on axial slices of the mean of the subjects' normalized anatomical images. Bottom row: fMRI results showing brain regions where the effect of FF versus SF was significantly greater for TE ϭ 40 ms compared with TE ϭ 27 ms. Activations are thresholded at P Ͻ 0.001 (uncorrected) and overlaid on axial slices of the mean of the subjects' normalized anatomical images. In the bottom slices activations that appear to be in the cerebellum are in fact the fusiform gyral activations extended by spatial smoothing.
we report areas outside our ROIs where the effects reached a corrected level of significance at P Ͻ 0.05 in the conjunction analysis. Figure 1 shows the ROIs as defined from the previous PET study and the corresponding results from the fMRI conjunction analysis at the same threshold (P Ͻ 0.001 uncorrected). Figure 2 shows the fMRI results of the FF-versus-SF contrast for TE ϭ 40 ms and TE ϭ 27 ms separately (first and second rows, respectively), for the conjunction analysis (third row) and for TE ϭ 40 ms greater than TE ϭ 27 ms (bottom row). In Fig. 2 activations in the first two rows are superimposed on the mean of the normalized images acquired from each TE. Since these images have been scaled to the same maximum intensity, it can be observed that, as expected (Schmitt et al., 1998) , the shorter-TE image has increased signal-to-noise ratio with less signal dropout compared with the longer-TE image. T2* maps and histograms are shown in Fig. 3 .
Fusiform Gyrus (Fig. 2) The conjunction analysis revealed significant (P Ͻ 0.05 corrected) activation in an extended region of the fusiform gyrus bilaterally. In the left hemisphere this activation comprised the middle and anterior portions of the gyrus. In the right hemisphere, a more posterior region was also activated. The fusiform gyri were also significantly (P Ͻ 0.001 uncorrected) activated for each TE. However, the activation in the right middle portion of the fusiform gyrus extended more inferiorly for TE ϭ 40 ms than for TE ϭ 27 ms, and a significantly (P Ͻ 0.001 uncorrected) greater effect of TE ϭ 40 ms was found. No areas showed the opposite effect of TE ϭ 27 ms more than TE ϭ 40 ms. (Fig. 2) The conjunction analysis revealed significant (P Ͻ 0.05 corrected) activation in the hippocampal and parahippocampal regions bilaterally. These medial temporal regions were also significantly (P Ͻ 0.001 uncorrected) activated for each TE. However, the left-sided activation spread more inferiorly only in TE ϭ 40 ms, and a significantly (P Ͻ 0.001 uncorrected) greater effect of TE ϭ 40 ms was found in the left hippocampus. No areas showed the opposite effect of TE ϭ 27 ms more than TE ϭ 40 ms. The conjunction analysis also revealed significant (P Ͻ 0.001 uncorrected) activation in the middle temporal gyrus (MTG) bilaterally. The MTG was also activated at P Ͻ 0.001 (uncorrected) bilaterally for TE ϭ 40 ms and at P Ͻ 0.01 (uncorrected) on the left for TE ϭ 27 ms. The right MTG activation spread more laterally and inferiorly only in TE ϭ 40 ms, and a significantly (P Ͻ 0.001 uncorrected) greater effect of TE ϭ 40 ms was found. In this lateral right MTG region, no effect of TE ϭ 27 ms was found, not even at P Ͻ 0.1 (uncorrected).
Anterior Temporal Region
Finally, the conjunction analysis revealed a significant (P Ͻ 0.001 uncorrected) effect in two foci in the left temporal pole. The more anterior focus was activated at P Ͻ 0.001 (uncorrected) for TE ϭ 40 ms and at P Ͻ 0.01 (uncorrected) for TE ϭ 27 ms. In this region the activation for TE ϭ 40 ms also spread more inferiorly and a significantly (P Ͻ 0.001 uncorrected) greater effect for TE ϭ 40 ms was found. On the other hand, the more posterior focus was activated at P Ͻ 0.01 (uncorrected) for TE ϭ 40 ms and at P Ͻ 0.001 (uncorrected) for TE ϭ 27 ms. However, a significant (P Ͻ 0.001 uncorrected) effect of TE ϭ 27 ms more than TE ϭ 40 ms was not found.
In summary, a significant effect of FF versus SF was found in the fusiform gyrus and in the anterior temporal lobes bilaterally. As illustrated in Fig. 2 , the pattern of activation was similar for both TEs and only small regions in the right fusiform, left medial temporal, left temporal pole, and right MTG showed a significantly greater effect for TE ϭ 40 ms than TE ϭ 27 ms.
Other Regions (Fig. 2) The conjunction analysis of both TEs revealed significant activation (P Ͻ 0.05 corrected) in the orbitofrontal cortex medially and laterally. No significant (P Ͻ 0.01 uncorrected) difference between the two TEs was found in any of these areas and they were activated (P Ͻ 0.001 uncorrected) for each TE. (Fig. 3) The histograms derived from the T2* maps shown in Fig. 3 demonstrate that T2* values in an upper slice (not affected by susceptibility artifacts) vary mainly between 50 and 60 ms. In a lower slice, regions affected by susceptibility artifacts such as the orbitofrontal and anterior temporal lobes have T2* values below 30 ms.
T2* Map
DISCUSSION
In this article, we have explored the influence of TE on BOLD signal and compared this effect in regions of the brain that are either affected by, or free from, susceptibility artifacts. Although a shorter TE gives rise to increased signal-to-noise ratio and decreased signal dropout, it also reduces the BOLD contrast-tonoise ratio. Therefore, we tested whether by using a shorter TE we could: (i) still measure BOLD in regions of the brain that are free from susceptibility artifacts (i.e., fusiform gyri), and (ii) recover BOLD contrast from regions affected by susceptibility artifacts (i.e., anterior temporal lobes). Our results show that both the fusiform and anterior temporal regions of interest were significantly activated for the two TEs, but activations were slightly more extensive for the longer TE.
In regions free of susceptibility artifacts, the fusiform, hippocampal, and parahippocampal gyri were significantly activated for both TE ϭ 40 ms and TE ϭ 27 ms. Only small areas at the edges of these regions were significantly more activated for TE ϭ 40 ms compared with TE ϭ 27 ms. This effect could be explained by the increased sensitivity to the BOLD effect at TE ϭ 40 ms. However, the differences between the results for the two TEs were very small, and our results show that, where the magnetic field is homogeneous, it is possible to detect robust activation using a shorter TE. The application of a shorter TE would allow faster scanning and therefore greater sampling in specific regions of interest.
In the anterior temporal regions affected by susceptibility artifacts, activations were detected in the MTG bilaterally and in the more anterior left temporal pole. However, in these regions we found greater differences between the two TEs. Activations survived an uncorrected threshold of P Ͻ 0.001 for TE ϭ 40 ms and a less conservative threshold of P Ͻ 0.01 for TE ϭ 27 ms. In no regions were activations for TE ϭ 27 ms found to be significantly greater than those for TE ϭ 40 ms.
These findings show that, although the reduction in TE results in a decrease in signal loss in regions affected by susceptibility gradients, this is not sufficient to recover the BOLD signal, which is drastically reduced in these areas. The T2* map demonstrates that T2* is reduced in the affected regions. Therefore, it might be thought that the use of a shorter TE that is closer to the local T2* value, would be more optimal for detecting the reduced BOLD signal. However, there is no improvement in the results for the shorter TE. A possible explanation is that despite increased signalto-noise ratio and reduced signal loss, in-plane field gradients due to susceptibility artifacts may reduce the effective echo time in these localized regions. This would mean that the resulting effective TE is very different from an optimal TE (i.e., when TE approaches the T2* of the corresponding region), resulting in an even weaker BOLD effect as suggested by Ojemann et al. (1997) and Deichmann and Turner (2001) . Although the present study demonstrates that it is possible to detect some activation in the anterior temporal regions, a visual comparison of the FF-versus-SF effect in this fMRI experiment with our previous PET data (Fig.  1) illustrates a severe loss of BOLD signal in these regions.
CONCLUSION
Our results show that it is possible to use a shorter TE (27 ms at 2 T) to detect reliable and robust activations in regions of the brain not affected by susceptibility artifacts. This will allow faster scanning times. However, this shorter TE is not sufficient to recover the BOLD signal from regions affected by susceptibility artifacts.
